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(57) Abstract 

A particle imager and method for imaging particles on surfaces of substrates (19). A reflective suface (17) is scanned by a 
collimated light beam (57) and particles on the surface are detected by the scattered light caused by the particles. During a scan 
path (81) the intensity of the scattered light is measured forming intensity traces (91) and location addresses for the detected parti- 
cles. Data from each scan path is stored in memory. A three-dimensional surface map (95) is formed from the data stored in 
memory. The intensity traces for a particle (71) when combined together in the surface map form an intensity profile (97, 99, 101) 
or signature of the particle. These signatures may then be compared to known particle signatures to determine characteristics of 
the detected particle. 
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Description 



Optical Scatter Imaging 



5 



Technical Field 



The present invention relates to imaging par- 
ticles on a surface by scanning the surface with a light 
beam. 



Background Art 



Detecting particles on surfaces of substrates 



is of prime importance to integrated circuit manufac- 
turers. This is increasingly true with the lowering of 
minimal line widths of some devices to less than one mi- 

15 cron. As line widths have decreased, so too have the 

critical particle sizes decreased, the critical particle 
size being a particle dimension which will cause a prob- 
lem on a line of minimum width. For example, a particle 
size one tenth that of the minimum line width on a wafer 

20 surface can in some cases disable the circuit. There- 
fore, very small particles of less than one micron need 
to be detected. Moreover, as wafers increase in size to 
2 00 mm at some manufacturers, it is even more important 
to achieve high yields. To obtain high yields manufac- 

25 turers currently take before and after particle counts as 
a wafer progresses through each piece of processing 
equipment, or through each unit process, thereby hoping 
to locate the sources of the contaminating particles. 
This is both costly and time consuming. 

3 0 One prior art method for detecting surface par- 

ticles involves scanning the wafer surface with a laser 
beam and then detecting the light scattered by particles 
or defects. From data obtained during the scan a two- 
dimensional surface defect map is created. Such a map 

3 5 shows the location and approximate size of the defects on 
the surface. An example of a scanner of this type is 
found in U.S. Pat. No. 4,378,159 to Galbraith and as- 
signed to the assignee of this invention. Although prior 
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art methods may determine particle count, location, and 
approximate size they usually do not determine other 
characteristics of the particles such as shape, index of 
refraction, surface texture, and composition . Such in- 
5 formation could be used to identify sources of particles, 
which is important in maintaining clean wafers. 

In U.S. Pat. No. 4,555,179, to Langerhole, en- 
titled "Detection and Imaging of Objects in Scattering 
Media by Light Irradiation", a system is disclosed which 

10 detects subsurface objects by measuring the light power 

scattered backward from a medium that has been scanned by 
a strong collimated light beam. The subsurface objects 
are detected by the differential variation of the re- 
ceived light power* 

15 It is an object of the present invention to 

devise an analysis tool which would more accurately image 
microscopic particles on a substrate surface. 

Another object of the invention is to determine 
particle characteristics and thereby help reduce the 

20 number of surface particles and defects on a substrate 
surface, such as semiconductor wafers. 

Disclosure of the Invention 

The above objects have been met with an appara- 

25 tus and method for surface scanning in which a three- 
dimensional amplitude signature is generated for each 
particle or defect. A surface, such as a semiconductor 
wafer or blank photomask, is scanned with a beam. Sur- 
face particles and defects scatter light from the beam. 

30 A detector measures the intensity of the scattered light. 
Succeeding, scan lines preferably spaced less than the 
characteristic beam width apart cause overlapping traces 
for the same particle or defect. These traces when com- 
bined form a three-dimensional amplitude representation, 

35 like an image, for each particle or defect, almost like a 
vertical slice image of mountainous terrain in a .topo- 
graphic map. The amplitude representations can then be 
analyzed and compared with models and test data to 
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determine characteristics of the particles or defects 
such as size, shape, index of refraction, surface tex- 
ture, and composition, thereby creating particle signa- 
tures. Knowing these characteristics would then lead to 
5 identifying the source of the contaminating particles and 
defects. By combining the signatures and location data 
generated during the scanning process a three-dimensional 
topographic map of defects can be formed and displayed. 
Alternatively, a three-dimensional map may be formed 

10 which incorporates the characteristics determined from 
the particle signatures. For example, the size, shape 
and surface texture of the particles and defects together 
with their locations may be used in forming a map identi- 
fying types of particles, as well as locations. By ana- 

15 lyzing the three-dimensional particle signatures and sur- 
face maps, the source or sources of contamination may be 
identified in one complete scan, thus reducing the number 
of scans required to specify the cleanliness of the com- 
plete fabrication process. Moreover, knowing the source 

20 or sources of contamination will help effect steps to 

eliminate those sources, thus reducing the number of par- 
ticles and defects on a wafer surface. 

Brief Description of the Drawings 

25 Fig. 1 is a plan view of an optical configura- 

tion for generating a scanning beam in accord with the 
present invention. 

Fig. 2 is a plan view of an optical arrangement 
for collecting light from the apparatus of Fig. l. , 

30 Fig. 2A is a perspective view of a test wafer 

having a plurality of sampling points in known positions. 

Fig. 3 is a block diagram of the particle imag- 
er and characteristics correlator of the present inven- 
tion. 

* 5 Figs. 4A and 4B are graphs of a Gaussian beam 

intensity distribution in conjunction with an enlarged 
top view of a wafer surface showing a particle and a 
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plurality of 'scan paths by which the particle is detected 
using the apparatus of Figs. 1 and 3. 

Fig. 5 is a graph of a plurality of traces gen- 
erated during the five scan paths of Fig. 4. 
5 Figs. 6 and 6A are enlarged plan views of scat- 

tered light intensity maps using the apparatus of Figs. 1 
and 2. 

Best Mode for Carrying Out the Invention 

10 

A. Description of Surface Scanner 

With reference to Fig. 1, laser 11, such as an 
argon ion laser, generates a beam which is prefocused by 
optical elements 13, typically one or more lenses, to a 

15 point beyond the spherical mirror 15, namely the surface 
17 of a wafer 19 being inspected. After passing through 
optics 13, the laser beam impinges upon a small fixed 
mirror 21 which folds the light path and directs the beam 
toward scanning mirror 23. The scanning mirror 23 is 

20 supported on an arm connected to a motor which rocks the 
mirror at its natural frequency of vibration. Such mir- 
rors are known as scanning resonant mirrors and the natu- 
ral frequency of vibration is specified by the manufac- 
turer . 

25 The scanning mirror is aligned at a slight tilt 

relative to the incident beam so that the; scanning beam 
describes a shallow cone in space, but will follow a 
straight line path after reflection from the spherical 
mirror 15. The purpose of the spherical mirror's curva- 

30 ture is to cancel the effective field curvature of the 
prefocused beam to produce an essentially planar image 
field at surface 17. The scanning mirror 23 is optically 
flat and its axis of rotation is not perpendicular to the 
incoming beam in order to generate the shallow cone in 

35 the reflected beam, previously mentioned. This optical 
arrangement permits generation of about 100 micrometer 
scan spot on a flat image field with a path straightness 
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within 10 micrometer over a total scan distance of 2 00 
Tnillimeters. The scan is nearly telecentric. 

With reference to Fig. 2, a telecentric input 
beam 31 is seen passing into an internally reflecting 
elliptical cylinder 3 3 through a linear slot 3 5 whose 
length is parallel to the scan direction, i.e. in a p_ane 
perpendicular to the paper of the drawing. The narrow 
slit 35 allows egress of light specularly reflected from 
the reflective surface 17 of wafer 19. Beam 31 impinges 
along a focal line 37 extending into and out of the plane 
of the paper of the drawing. Focal line 37 is one of two 
foci of the elliptical cylinder 33. The second focal 
line 39 is a line where input ends of fiber optic fibers 
41 are aligned. Thus , any light which is scattered from 
15 a dirt particle or flaw along the scanning line 37 will 

be reflected to the second scan line 3 9 and be input into 
fibers 41. Since the scattering is coming from irregular 
surfaces, the light appearing line 39 does not form a 
true optical image of the particle or flaw. Rather, the 
20 light along line 39 is representative of the scattered 

intensity from the particle or flaw. If the particle or 
flaw is large, more light will be scattered than if the 
particle is small. Light entering the fibers 41 is 
transmitted to a detector 4 3 which may be a photomulti- 
25 plier tube. After a wafer is scanned along a line, the 
wafer is advanced slightly by wheels 4 5 or by another 
support mechanism. By slightly advancing the wafer, 
another line may be scanned. By scanning different lines 
which are parallel and slightly spaced apart, an entire 
30 wafer may be scanned. Differences between snail parti- 
cles and flaws such as cracks or spurious signals such as 
noise may be interpreted in accord with the particle de- 
tection method set forth in U.S. Pat. No. 4,766,324 to S. 
Saadat, assigned to the assignee of the present inven- 
35 tion. 

With reference to Fig. 2A, a wafer 19 is .shown 
with a plurality of sampling points at which the scat- 
tered signal is sampled on the wafer. The wafer is 
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placed between light marker pins 53 and 55 at opposite 
sides of the wafer and aligned with the scanning line of 
the optical system. As beam 57 is swept across the waf- 
er, the amplitude of the scattered signal is sampled at 
5 specific positions 57a, 57b, 57c so as to cover the wafer 
with a regular array of sampling points 51 which are 
preferably spaced a uniform distance apart. The start of 
the array is referenced to the marker pins 53 and 55. 

The start of the array is timed to coincide 

10 with the transit of the beam across one of the marker 

pins (say 53) as the beam moves toward the other marker 
pin 55. the start signal is produced by a light detector 
placed behind either marker which senses the transit of 
the beam across the timing marker. When light from the 

15 beam is first received at the detector behind marker 53, 
as the beam passes over the edge of pin 53, it initiates 
a counter which counts pulses from an accurate 50 mega- 
hertz clock. 

The output of the counter is continuously com- 

20 pared to a series of predetermined values which are 

stored in a random access memory. When the counter value 
equals the stored value, a pulse is issued to the sam- 
pling circuit which samples the instantaneous amplitude 
of the scatter signal received at the detector. The 

25 predetermined values which are compared to the counter 

output are selected so that the scatter signal is sampled 
at precisely equal distances apart or known positions on 
the wafer under test. The separation between sampling 
points is approximately 2 6 microns. 

3 0 Any errors in position of the sampling points 

can be corrected by calibrating the position of the beam 
with respect to the marker pins using a standard wafer 
having scattering sources whose relative positions are 
known to very high accuracy. The apparent position of 

35 these scattering sources is measured using the initial 
table of sampling points. The difference between the 
apparent positions and the known positions of the scat- 
tering sources is used to generate an error function 
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which is used to modify the predetermined values which 
are stored in the random access memory • This generates a 
new table of predetermined values which corrects for ir- 
regularities in the motion of the beam and defines the 
5 position of the sampling points to the same accuracy as / 
the reference scattering sources on the standard wafer. 

By this means one is aible to establish a very 
accurate coordinate system in the X axis where the exact 
position of a scattering source on a wafer under test is 

10 known simply by counting the number of sample points from 
the start of the marker pin 53 or 55. 

The Y position is established by counting the 
number of sweeps from the start of the wafer. This es- 
tablishes an orthogonal set of XY coordinates which al- 

15 lows one to access and store data from any point of the 
wafer and store a microscan of a small section of the 
wafer in that area, without incurring any distortion of 
the stored image. 

20 b. Particle Modeling 

In Fig. 3, scattering light data coming from a 
scan line are stored sequentially in first memory 44. 
Scattering data includes intensity data and corresponding 
addresses made up of a scan line number and a beam loca- 

25 tion address. As a particle is scanned by the beam, the 
intensity of the scattered beam, exceeding a preset 
threshold, is digitized and sent to first memory 44. 
This is termed pulse data. Under control of a timing 
control 46 the X, Y- addresses for light scattering sig- 

3 0 nals, i.e. pulse data are generated. All of the data 
from each scan line is stored in first memory 44. 

Pulse data may then be sent from first memory 
44 to a signal processor 48 which analyzes and processes 
the pulse data and corresponding addresses into a graphi- 

3 5 cal representation of the wafer surface. In an embodi- 
ment of the present invention the graphical representa- 
tion of the surface is a three-dimensional surface map 
containing the pulse data and addresses from each scan 
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line. All or portions of this three-dimensional surface 
map may then be selected for display from a display com- 
mand input device 50 , such as a keyboard. Once selected, 
the pulse data representing a selected area to be dis- 
5 played is sent to an output buffer 58 for temporary stor- 
age. The data are then sent to a display device 60, 
where an image of the wafer surface is created- Typical- 
ly , the display device 60 is a video display* terminal ob 
a printer. Alternatively, data is sent from first memory 

10 44 to data comparator 54 which compares the pulse data 
with known models or test data stored in data bank 52. 
With a positive comparison a characteristic or character- 
istics of the scattering particle may be determined. 
Particle characteristic data are then stored in second 

15 memory 56. A graphical representation of the determined 
characteristic data, stored in second memory 56, may then 
be determined by the signal processor 48. The represen- 
tation may be a three-dimensional surface map showing 
size, shape and surface texture of the detected particles 

20 or the representation may have another graphical form, 
which is useful for viewing. When selected by the dis- 
play command input device 50 the graphical representation 
of the particles characteristics may be displayed in like 
manner as previously discussed. 

25 In Figs. 4A and 4B, a scanning laser beam 61 

typically has a Gaussian intensity distribution 

I(x) = I 0 exp{-(W / /2x) 2 } 

3 0 where I 0 is a peak intensity at the center of the beam 63 
and W is the full width measured at 1/e^ of the peak 
intensity. Typically, the scanning beam has a full 
width, as represented in Fig. 4 A by arrows A- A, of about 
100 micrometers. Thus the beam 61 has a width substan- 

3 5 tially larger, usually four to six times larger, than the 
scan line separation. 

With reference to Figs. 4A, 4B and 5 a particle 
71 is detected during five scan paths 73-81. Scan path 
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94 did not detect particle 71. Arrows B indicate the 
distance between scan paths. A typical space is 20 /xm. 
An intensity trace is generated during each detection 85- 
93. Dashed line 83 in Fig. 4A indicates the peak inten- 
5 sity of the scanning beam 61 that hits particle 71 during 
scan path 79. Trace 91 is generated during scan path 79. 
Similarly, intensity trace 85 is generated during scan 
path 73 and intensity trace 87 is generated during scan 
path 75 and so on. Generally, the first detection of a 
10 particle will result in a lower intensity trace than the 
succeeding trace. The highest trace will occur when the 
center of the scanning beam 63 is nearest to being di- 
rectly over the particle as is the case for trace 89 dur- 
ing scan path 77. As the center of the beam moves fur- 

15 ther away from the particle the traces become smaller 
until the particle is no longer detected. Combining 
pulses 85-93 of particle 71 together forms an amplitude 
profile of the scattered light. This profile has a shape 
much like that of a mountain on a topographical map. 

20 In Figs. 6 and 6A, a surface map 95 contains 

three scattered light amplitude profiles 97, 99, and 101. 
Two views of the amplitude profiles 97-101 are shown. 
Each profile is made up of five intensity traces, which 
were generated while scanning the surface 96, one scan 

25 line at a time. Each of the profiles is a scattering 
light intensity image of a particle which was detected 
during the scanning process. The mountainous -like shape 
of a profile is an amplitude representation of light 
scattered from the particle. When this amplitude data is 

3 0 combined with other data a distinctive particle signature 
is derived^. The other data may include size, shape, sur- 
face texture, index of refraction and the like. This 
other data is established by comparison with particles of 
known composition and qualities. The test data from 

35 these particles is used to form model particles. Identi- 
fying the nature of the particles would then lead to the 
discovery of the source or sources of the particles. 
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Claims 

1. A method for particle imaging comprising, 

scanning a surface with a coll ima ted light beam 
having a characteristic beam width, said scanning having 
spaced apart scan lines, 

generating X, Y- addresses during said scanning 
for locations of said beam .on said surface, 

measuring a scattering intensity of said light 
beam from said surface for each X, Y- address, 

storing said X, Y- addresses and corresponding 
scattered light intensity data in memory, and 

mapping said stored data to produce three- 
dimensional intensity representations of said scattering. 

2. The method of claim 1 wherein said scan lines are 
spaced a distance less than a beam width apart. 

3. The method of claim 1 wherein said processing in- 
cludes forming a three-dimensional surface map of said 
surface from said intensity representations and corre- 
sponding data addresses. 

4. The method of claim 3 further comprising displaying a 
selectable portion of said three-dimensional surface map. 

5. The method of claim 1 further comprising determining 
characteristics of said particles and defects by corre- 
lating said intensity representations with known models 
and test data. 



r 
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6. The method of claim 5 wherein said determining of 
said characteristics employs at least two characteristics 
selected from the group of size, shape, index of refrac- 
tion, surface texture, and composition. 

7. A method for particle imaging and characteristics 
determining comprising, 

scanning said surface with a collimated light 
beam having a characteristic beam width, said scanning 
having spaced apart scan lines, scattering of said light 
beam from said surface having its intensity trace meas- 
ured when scattering amplitude is above a threshold val- 
ue, an X, Y- address being generated during said scanning 
for locations where the scanning amplitude exceeds the 
threshold, 

storing said X, Y- addresses and corresponding 
scattered light intensity data in memory/ 

mapping said data to produce three-dimensional 
intensity representations of said scattering and to 
develop a three dimensional surface map by employing said 
intensity representations, 

displaying a selected portion of said three 
dimensional surface map, and 

determining characteristics of said particles 
and defects by comparing said intensity representations 
with known models and test data. 

8. The method of claim 7 wherein said scan lines are 
spaced a distance less than said beam width apart. 

9 . The method of claim 7 wherein said determining ot 
characteristics employs at least two characteristics se- 
lected from the group of size, shape, index of refrac- 
tion, surface texture, and composition. 
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10. The method of claim 9 wherein said mapping includes 
forming three-dimensional surface maps incorporating said 
characteristics. 

11. The method of claim 10 wherein said displaying in- 
cludes said three-dimensional maps incorporating said 
characteristics . 

12. A particle imager and intensity comparator for use 
with a surface scanner comprising, 

a surface scanner of the type having scanning 
means for inspection of a surface and generating address- 
es and scattering amplitude data from particles on said 
surface , 

means for receiving said addresses and cor- 
responding scattering amplitude data on a current scan 
line, 

means for storing said addresses and data, some 
of said addresses matching addresses stored from previous 
scan lines, other of said addresses corresponding to new 
particle detections, 

means for combining said addresses and ampli- 
tude data to produce three-dimensional amplitude repre- 
sentations relating to said particles, 

means for forming three-dimensional surface map 
from said amplitude representations and said addresses, 

means for displaying said surface map in asso- 
ciation with an image processor, said image processor 
having mean.s for selecting portions of said surface map 
for display. 

13. The particle imager and intensity comparator of 
claim 12 further comprising means for comparing said am- 
plitude representations with known models and test data. 
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AMENDED CLAIMS 

[received by the International Bureau on 12 August 1991 (12.08.91); 
original claims 2 and 8 cancelled; original claims 1, 7 and 12 
amended; other claims unchanged but renumbered (3 pages)] 



1. A method for particle imaging comprising, 

scanning a surface with a coll ima ted light beam 
having a characteristic beam width, said scanning having 
adjacent scan lines spaced apart by a distance less than 
said characteristic beam width thereby causing overlap- 
ping traces, 

generating X, Y- addresses during said scanning 
for locations of said beam on said surface, 

measuring a scattering intensity of said light 
beam from said surface for each X, Y- address, 

storing said X, Y- addresses and corresponding 
scattered light intensity data in memory, and 

mapping said stored data to produce three- 
dimensional, topographic, intensity representations of 
said scattering. 

2. The method of claim 1 wherein said processing in- 
cludes forming a three-dimensional surface map of said 
surface from said intensity representations and corre- 
sponding data addresses, 

3. The method of claim 2 further comprising displaying a 
selectable portion of said three-dimensional surface map. 

4. The method of claim 1 further comprising determining 
characteristics of said particles and defects by corre- 
lating said .intensity representations with known models 
and test data. 



5. The method of claim 4 wherein said determining of 
said characteristics employs at least two characteristics 
selected from the group of size, shape, index of refrac- 
tion, surface texture, and composition. 
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6. A method for particle imaging and characteristics de- 
termining comprising, 

scanning said surface with a collimated light 
beam having a characteristic beam width, said scanning 
having adjacent scan lines spaced apart by a distance 
less than said characteristic beam width thereby causing 
overlapping traces, scattering of said light beam from 
said surface having its intensity trace measured when 
scattering amplitude is above a threshold value, an X, Y- 
address being generated during said scanning for loca- 
tions where the scanning amplitude exceeds the threshold, 

storing said X, Y- addresses and corresponding 
scattered light intensity data in memory, 

mapping said data to produce three-dimensional, 
topographic, intensity representations of said scatter- 
ing, 

displaying a selected portion of said three di- 
mensional topographic representations , and 

determining characteristics of said particles 
and defects by comparing said intensity representations 
with known models and test data. 

7. The method of claim 6 wherein said determining of 
characteristics employs at least two characteristics se- 
lected from the group of size, shape, index of refrac- 
tion, surface texture, and composition. 

8. The method of claim 7 wherein said mapping includes 
forming three-dimensional surface maps incorporating said 
characteristics . 

9. The method of claim 8 wherein said displaying in- 
cludes said three-dimensional maps incorporating said 
characteristics . 
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10. A particle imager and intensity comparator for use 
with a surface scanner comprising, 

a surface scanner of the type having scanning 
means for inspection of a surface and generating address- 
es and scattering amplitude data from particles on said 
surface, said scanning means including a beam scanner 
having a characteristic beam width and scan lines mutual- 
ly spaced apart by a distance less than said characteris- 
tic beam width thereby causing overlapping traces , 

means for receiving said addresses and cor- 
responding scattering amplitude data on a current scan 
line, 

means for storing said addresses and data, some 
of said addresses matching addresses stored from previous 
scan lines, other of said addresses corresponding to new 
particle detections, 

means for combining said addresses and ampli- 
tude data to produce three-dimensional amplitude repre- 
sentations relating to said particles, 

means for forming three-dimensional topographic 
surface map from said amplitude representations and said 
addresses , 

means for displaying said surface map in asso- 
ciation with an image processor, said image processor 
having means for selecting portions of said surface map 
for display. 

11. The particle imager and intensity comparator of 
claim 10 further comprising means for comparing said am- 
plitude representations with known models and test data. 
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STATEMENT UNDER ARTICLE 19 



The difference between the amended claims 1, 6 and 10 
(original claims 1, 7 and 12) and the Galbraith prior art is that 
by using a detector of the type described in Galbraith, plus sig- 
nal processing electronics and closely adjacent scan lines, it is 
now possible to create topographic representations of scattered 
light images. This enables a Galbraith detector to create, parti- 
cle images which look like microscope images, something not 
achieved in the prior art using scattered light. 



In the remaining prior art, various types of data plots 
are shown, some of which may be said to be three dimensional. 
However, it is significant that the prior art does not teach use 
of scattered light for three dimensional topographic images, as 
in the amended claims. Rather, the prior art is conspicuously 
silent on use of scattered light. Rather elaborate and interest- 
ing schemes have been used as alternative inspection devices , 
including the phase imaging/magnitude imaging of laser induced 
acoustic waves in the Busse reference; dual color comparison 
imaging in the Shiragasawa et al. reference; dual image natural 
light and artificial reflected light comparisons in the Yamane et 
al. reference. Taking all of these teachings into account, there 
is nothing to suggest that one could construct the topographic 
scattered light images as set forth in the amended claims. The 
signif icant advantage of the present invention is that now scat- 
tered light three dimensional images resemble images which were 
usually obtained from a conventional microscope in the prior art. 
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